Entangling distant quantum dots using classical interference 
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We show that it is possible to employ reservoir engineering to turn two distant and relatively 
bad cavities into one good cavity with a tunable spontaneous decay rate. As a result, quantum 
computing schemes, that would otherwise require the shuttling of atomic qubits in and out of an 
optical resonator, can now be applied to distant quantum dots. To illustrate this we transform 
a recent proposal to entangle two qubits via the observation of macroscopic fluorescence signals 
[Metz et al., Phys. Rev. Lett. 97, 040503 (2006)] to the electron-spin states of two semiconductor 
quantum dots. Our scheme requires neither the coherent control of qubit-qubit interactions nor the 
detection of single photons. Moreover, the scheme is relatively robust against spin-bath couplings, 
parameter fluctuations, and the spontaneous emission of photons. 

PACS numbers: 03.67.Lx, 03.67.Pp, 73.21. La 



The strength of measurement-based quantum comput- 
ing is that its performance is independent of the exper- 
imental parameters. Whenever a certain measurement 
outcome is obtained, the system is projected onto a well- 
defined state with a very high fidelity. This is useful 
when the final state is highly entangled or differs from 
the initial one only by a desired quantum gate operation. 
One example of measurement-based quantum comput- 
ing are linear optics schemes based on the detection of 
single photons Further examples are the processing 
of atomic qubits via the detection of single or no pho- 
tons Q and the manipulation of the electron-spin states 
of quantum dots via charge detection 0. However, the 
scalability of these approaches depends strongly on the 
respective measurement efficiency. 

The entangling scheme by Metz et al. [H alleviates 
the detection problem via the observation of macroscopic 
quantum jumps [5]. This means, the interactions in the 
system are engineered such that it emits a random tele- 
graph signal of long periods of intense fluorescence (light 
periods) interrupted by long periods of no photon emis- 
sion (dark periods). The successful state preparation is 
heralded by a macroscopic dark period. Ref. [4[ describes 
a scheme that prepares two laser driven atoms inside an 
optical cavity in a maximally entangled state. The same 
authors have shown that electron shelving techniques al- 
low even for the build up of large cluster states . How- 
ever, this requires the shuttling of atomic qubits in and 
out of an optical cavity, which is time consuming and 
susceptible to decoherence. 

In this letter, we propose a scheme for distributed en- 
tanglement preparation with inherent scalability. We re- 
quire neither the transport of qubits from one interaction 
zone to another nor the detection of single photons. This 
is achieved via reservoir engineering based on an interfer- 
ence effect that has already been observed experimentally 
0, S|- For example, in their famous two-atom double-slit 
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FIG. 1: Experimental setup to entangle two distant quantum 
dots via the observation of macroscopic quantum jumps. 

experiment, Eichmann et al. 0] detected the sponta- 
neously emitted photons from two laser-driven ions on a 
distant photographic plate. The pattern formed resem- 
bles that of a classical double-slit experiment. In fact, 
the ions behave like classical dipole emitters sending out 
electromagnetic waves Here we use optical fibers to 
create an analogous coupling of two distant cavities to 
common modes of the free radiation field. 

Qubits placed in these distant cavities experience only 
one common resonator mode, a so-called bus mode [lOj, 
with a tunable spontaneous decay rate. Consequently, 
it is now possible to generalize ideas for the generation 
of scalable entanglement in atom-cavity systems to solid 
state systems. As in previous quantum dot schemes 
(see e.g. Refs. [HI), we encode information in electron- 
spin states. Each dot is driven by a laser field and 
placed inside an optical cavity. This is feasible with cur- 
rent technology [12(. The light coming from the fibers 
is constantly monitored by a distant measurement box 
(c.f. Fig.[T]). 

The detected fluorescence signal exhibits macroscopic 
quantum jumps such that a dark period indicates the 
shelving of the qubits in a maximally entangled state. 
Transitions from one fluorescence period into another are 
now caused by spin-bath couplings, parameter fluctua- 
tions, or the spontaneous emission of photons into free 
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FIG. 2: Measurement box in Fig. [TJ (a) Illustration of the 
interference of cavity fiber photons, (b) Box to entangle 
two qubits using, in addition, two polarising beam splitters 
(PBS's), a second photon detector and two lenses. 



space. These jumps play a vital role in the proposed state 
preparation and make it relatively robust against exper- 
imental imperfections. We require only that the cavities 
experience the same system-bath interaction. The quan- 
tum dots do not have to be identical. 

In the following, spontaneous emission due to the inter- 
action between the cavity field modes and the radiation 
field propagating through the optical fibers 1 and 2 is 
taken into account by the dipole Hamiltonian 



H 



dip 



E 



eDi-E( ri ). 



(1) 



Here Di is an effective dipole moment and proportional 
to the sum of the annihilation and the creation operator 
Cj + c\ for a photon in cavity i and E(r^) describes the 
radiation field, where cavity i couples to fiber i. Suppose 
is the creation operator for a photon with wave vector 
k and frequency u>k and both cavities have the same fiber 
coupling constants g k , the same frequency oj c , and the 
same linear polarisation. Then i?dip in Eq. |T]) equals, in 
the rotating wave approximation, 
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+ H.c. (2) 



for the measurement box depicted in Fig. HJa). Since the 
fiber photons are constantly monitored, a quantum jump 
description 0, based on Eq. ^ can be used to show 
that the conditional Hamiltonian for the no-photon time 
evolution of the system equals 



H, 



cond 
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o^c C(<p)*c(<p) . 



(3) 



Here H' cond is the no-photon time evolution Hamiltonian 
in the absence of cavity decay, c(tp) is the annihilation 
operator 
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k c is the spontaneous decay rate of the common cavity 
mode c(ip), and k c is the fiber photon wave vector. In 
case of a cavity photon emission, the state of the system 
changes from into c(y>)|^>)/||c(</5)|V')||- 

Notice that the two cavities possess two common cav- 
ity modes (one with annihilation operator c((p) and one 
with c(<p+Tr)) but only one decay channel. Photons in the 
c(<ys + 7r) mode cannot leak out through the cavity mirrors 
and have a negligible decay rate. Their electromagnetic 
field components interfere destructively, thereby making 
the detection of c(tp + n) photons in the fiber impossible. 
Field components created by c(tp) photons, to the con- 
trary, interfere constructively and can be detected easily. 
Consequently, the two cavities do not emit photons in- 
dependently but are effectively coupled via the radiation 
field in the fibers. The role of the lens in Fig. EJ^a) is 
to maximize this coupling by focussing the light from 
the different cavities onto the same spot on the detector, 
thereby safely erasing all information about the origin of 
the arriving photons. 

Let us now have a look at a variation of the above 
setup, in which the measurement box in Fig. [2ja) is re- 
placed by the measurement box shown in Fig.[2fb). The 
new box contains a second photon detector and two par- 
allel polarising beam splitters. Depending on their orien- 
tation, some parts of the light field in the fibers are now 
reflected towards detector b. In analogy to Eq. {2}, the 
interaction of the cavity photons with the environment 
is given by the Hamiltonian 

#di P = ^ [ eik ri c i + e i(k r2+v) c 2 

k 

+%k ;6 [e ik ri ci + e ik r2 c 2 ] b{ + H.c. (5) 

Here the b k are the creation operators for the photons 
arriving at detector b and the g^-a and the g^-b are fiber 
coupling constants. If we assume, for example, 



tp : 



7T and e ikc ri = e ikcr2 



(6) 



then the no-photon time evolution of the system is de- 
scribed by the conditional Hamiltonian 



H con d ^cond ^ ] n c x c x 



(7) 



x— a, 6 

with the annihilation operators 

c a = (ci - c 2 )/V2 and c b = (ci + c 2 )/\/2 . (8) 

Here n a and Kb are the decay rates of the common cavity 
a and 6-modes. The ratio of both rates can be adjusted 



3 



to any size by simply changing the orientation of the 
polarizing beam splitters. In the following we assume 
that K a is much larger than and all other relevant 
parameters. As we shall see below, the cavity a-mode 
is then so overdamped that it plays effectively no role 
in the time evolution of the system. Consequently, the 
two cavities operate like a single cavity with the tunable 
spontaneous decay rate k^I 

Suppose now, each cavity is a part of a quantum dot- 



cavity system [121 ] ■ The internal level configuration of 
each quantum dot is shown in Fig. [3] and should be as 
in a recent experiment by Atatiire et al. T| on spin- 



state preparation with near-unity fidelity. In the ground 
states |0) = | J.) and |1) = ||), the dot contains one spin 
up or one spin down electron with angular momentum 
projection m z — —1/2 and m z = +1/2. In the excited 
states 1 2) = I4T-U-) an( i |3) = lltfl"); the dot contains two 
electrons in a singlet state and a heavy hole with spin 
projections m z — —3/2 and m z = +3/2. The 1 2 dipole 
transition of dot i is driven by a circularly polarised laser 
with Rabi frequency £1^ and detuning A^K Additional 
laser fields drive the quadrupole transitions 0-2 and 1-3 
with Rabi frequency Qq and fl^ and detuning and 
Ag 1 - 1 . The 0-3 transition couples with detuning A3 and 
coupling constant g^' to the quantised mode of cavity i. 
Introducing the rotating wave approximation and choos- 
ing the appropriate interaction picture, the Hamiltonian 
H' cond in Eq. becomes time independent and equals 



^cond 



E [% (i) |0)«(3|c|+ E ^}°li)«(2| 
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+ ±nn^\i) u (3\ + h^ |o)«<i] + h.c. 
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Here the are the decay rates of the states |2) and 
|3). The ^''-dependent terms take uncontrolled spin- 
bath interactions into account which mix the states |0) 
and |1) [l^| . Without restrictions, we can assume that 
n}°, and 5 « are real by including their phases in 
the definition of |2), |3) and the cavity photon states. 

In the following, we show that the population of the 
cavity a-mode and spontaneous decay of electron-hole 
pair states remains negligible when 
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In this parameter regime, the a-mode and the states |2) 
and 1 3) can be eliminated adiabatically. Doing so, we find 
that photons in the o-mode effectively evolve on a much 
faster time scale than the qubit states |0) and |1). Taking 
this into account and performing another adiabatic elim- 
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FIG. 3: Level configuration and effective level scheme of a 
single quantum dot. 



ination, the Hamiltonian H conc \ in Eq. (J7J simplifies to 

[^(e w -nS) |o)«<i| + H.c. 

|10)(01| + |01)(10| 



E 
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j=0,l 
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with O 
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cff;l 



fip/4A^ + nW 2 /4A^, and ^ff ) 



A 

nWfiW^W^W^KfcA^A^ up to second order in l/Aj. 
The situation described by this Hamiltonian is analo- 
gous to the situation considered in Ref. where both 
qubits experience the same effective coupling constants, 
for small £W and when 
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In this case, the Hamiltonian in Eq. (jlip equals, up to 
an overall energy shift, 
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(1,1) 
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(13) 



with A£ ee - ^( 2 ), |ooi) = (|01) - |10))/V2, and 
|*oi) = (|01) + |10))/V2. 

For A£ = 0, there are no transitions between the sym- 
metric and antisymmetric subspace. Once in a symmet- 
ric state, the system emits photons towards detector b. 
However, when the qubits are in the only antisymmet- 
ric qubit state |aoi), no photons arrive at this detector. 
The detector signal hence reveals information about the 
state of the quantum dots. The overall effect of this is 
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FIG. 4: (a) Possible trajectory of the photon density I(t) at 
detector b obtained from a quantum jump simulation with 
Q« = A« = IA% = J«S|« and with fW = = 
0.005 Kb. (b) Logarithmic plot of the corresponding fidelity F 
of the maximally entangled state |ooi). 

the continuous projection of the qubits either onto the 
symmetric subspace or onto |aoi). 

In the case of small deviations A£ ^ 0, macroscopic 
quantum jumps occur from one subspace into the other. 
The system exhibits long periods of intense photon emis- 
sions (light periods) interrupted by long periods of no 
emission (dark periods) [5], as shown in Fig. Ufa). The 
population in |oqi) is very close to unity during a dark 
period (c.f. Fig. SJb)). A dark period hence prepares the 
qubits with a very high fidelity in a maximally entangled 
state. Identifying a successful state preparation is easy 
when the mean dark period length, Tdark, is long com- 
pared to the mean time between photon emissions within 
a light period, T cm . Due to the constant projection of the 
qubits, Tdark and Tv lg ht scale as 1/A£ 2 (c.f. Fig. [SJ and 
can be very long. 

Transitions between light and dark periods are also 
caused by parameter fluctuations violating condition lfT2|) 
and the spontaneous emission of photons, which are not 
collected by the fibers. The effect of these errors on the 
fidelity of the prepared state has already been studied 
in Ref. [l6| for an analogous setup. The analysis there 
suggests that spontaneous emission from excited states 
can be tolerated, even if the system is operated in the 
vicinity of the bad-cavity limit. Moreover, random vari- 
ations of the coupling constants up to 30 % do not affect 
the fidelity of the prepared state. They only reduce the 
occurrence of relatively long dark periods. 

In summary, we have shown that it is possible to en- 
tangle distant quantum dots with electron-spin qubits 
via the observation of a macroscopic fluorescence signal. 
There are two conditions for the scheme to work. Eq. ^ 
can be realised by driving the cavity with a common laser 
field and placing detector a into an interference maxima. 
Eq. (fT2|) can be adjusted by maximizing the mean length 
of the light and dark periods and the intensity of the 
emitted light within a light period. Notice that the quan- 
tum dots do not have to have the same frequencies and 
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FIG. 5: Quadratic dependence of the mean length of the light 
and dark periods, Td ar k and Tiight, on A£ obtained from a 
quantum jump simulation with OS = A^L = ^A^f.j = 
and with =-C (2) - 

coupling constants. Moreover, the generalisation of the 
scheme to the build up of large cluster states is straight- 
forward [f| and opens new perspectives for scalable solid 
state quantum computing. 
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